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Introduction
The enantioselective synthesis of the biologically relevant polydeoxypropionate motif has been a topic of intensive research in recent years. 1 As a consequence, a number of highly efficient catalytic iterative methods have been developed. 1 In particular, the methods based on asymmetric zirconium-catalyzed carboalumination, 2 as well as iterative Ir-catalyzed hydrogenation 3 and asymmetric Cu-catalyzed conjugate addition (1,4-ACA) 4, 5 have been employed successfully to synthesize a variety of biologically relevant lipids. 6 Although the described methods feature high enantioselectivity in combination with low catalyst loading and high yield, alternative routes are still highly warranted. Recently, we reported the asymmetric catalytic 1,6-addition 7 (1,6-ACA) providing access to d-substituted b,c-unsaturated esters and thioesters 2 (Scheme 1).
We envisioned that subsequent isomerization to the a,b-unsaturated thioester 3 followed by 1,4-ACA 4 would provide an efficient route to construct 1,3-dimethyl arrays 4. Herein we report the combined use of 1,6-ACA 7 and 1,4-ACA 4 in a new protocol for the construction of deoxypropionate subunits.
Results and discussion
A first prerequisite for a straightforward route to deoxypropionate units is facile access to a,b,c,d-bisunsaturated thioesters (Scheme 2). Current methods for the synthesis of a,b,c,d-bisunsaturated thioesters comprise thioesterification of an a,b,c,d-bisunsaturated acid (route a), 8 as well as Wittig olefination of a,b-unsaturated aldehydes (route b). 9, 10 However, for our envisioned iterative route we developed the novel extended Horner-Wadsworth-Emmons (HWE) reagent 11. Coupling of 11 with an aldehyde 10 would provide a general route to a variety of a,b,c,d-bisunsaturated thioesters (route c).
Using isobutyraldehyde 10c and the conditions reported for the extended HWE reaction 11 with the oxoester analogue of 11, 12 the product 7c was obtained in low, poorly reproducible yields but excellent E/Z-selectivity (Table 1 , entry 1). The use of LHMDS as a base improved the yield slightly but still gave poorly reproducible results (entry 2). Optimization of the reaction conditions identified that strict temperature control (addition of aldehyde at À78°C and allowing the reaction to warm up in 30 min to À40°C) in combination with high dilution conditions (0.039 V in 10c) for the reaction was essential to give 7c in good and reproducible yield and excellent E/Z-selectivity (entry 3). With these optimized conditions the aldehydes 10d and 10e were converted and the desired a,b,c,d-bisunsaturated thioesters 7d and 7e were obtained in lower, but acceptable, yields (entries 4 and 5). Presumably, the more accessible a-H of 10d and 10e compared to the sterically encumbered a-H in 10c causes side reactions to occur. Finally, DIBAL-H reduction and extended HWE reaction of 12 à provided the chiral 1,6-ACA substrate 7f in 64% yield over two steps (Scheme 3).
With the substrates in hand, the scope of the 1,6-ACA 7 of MeMgBr § was explored (Table 2) . Employing CuBrÁSMe 2 and (+)-reversed Josiphos L1, the 1,6-ACA of MeMgBr to substrate 7b proceeds in high yield and excellent regio-and stereoselectivity (entry 1). When the more bulky f-Me-substituted substrate 7c was subjected to 1,6-ACA, a slight drop in regio-and enantiocontrol was observed (entry 2). This drop in regio-and enantioselectivity is a continuing trend; the more sterically encumbered the R-groups the lower both enantio-and regioselectivity for the 1,6-ACA are. - The substrates incorporating a phenyl-or benzyl-protected hydroxy functionality gave good yields and good to excellent regio-and stereocontrol (entries 3 and 4). Finally, the ability of the catalyst to override substrate control 13 was tested by the 1,6-ACA of MeMgBr to chiral substrate 7f. Syn-addition proceeded in high yield, regio-and diastereoselectivity (entry 5), while anti-addition gave high yield and regioselectivity, but moderate diastereoselectivity (entry 6).
For the next step in the iterative sequence, the isomerization to the a,b-unsaturated thioester 15b, a variety of methods were investigated. isomerization employing DBU was more effective to isomerize the double bond into the desired position ( To test our alternative synthetic strategy for the iterative construction of deoxypropionate units, several Me-centers starting from 7b were introduced (Scheme 4). Both the syn-16 and antiproduct 17, incorporating two Me-substituents, were obtained in good overall yield (respectively, 63% and 58% over three steps), regio-, and stereoselectivity. àà, § § Subsequent chain elongation gave the 1,6-ACA substrate 19 in good yield and excellent E/Z ratio. Finally, synthesis of the syn,syn-1,6-ACA product 20 proceeded in good yield, regio-, and diastereoselectivity while the syn,anti-1,6-ACA product 21 was obtained in good yield and regioselectivity but mediocre diastereoselectivity. The generality of the construction of deoxypropionate units via consecutive 1,6-ACA-isomerization-1,4-ACA was illustrated by the introduction of two consecutive Me groups on several functionalized substrates (Scheme 5). In all cases the products comprising two deoxypropionate units were obtained in good yield, regio-, and diastereoselectivity.
Conclusion
In conclusion, we have developed an alternative method for the construction of deoxypropionate units exploiting Cu-catalyzed 1,6-ACA 7 and 1,4-ACA. 4d To allow iterative construction of deoxypropionate units a novel method for the construction of a,b,c,d-bisunsaturated thioesters and an alternative method for the construction of a,b-unsaturated thioesters were developed. The novel route was used for the construction of several Me-centers in a syn-1,3-fashion and the corresponding products were obtained in good yield, regio-, and enantioselectivity. It must be noted that the current methodology is suited for the construction of syn-deoxypropionate units; while the anti-deoxypropionate units are presumably constructed more efficiently by the 1,4-ACA. 4d A drawback of the current method is the slightly lower enantioselectivity obtained for the 1,6-ACA of MeMgBr to a,b-unsaturated thioesters compared to the corresponding enantioselectivities for the 1,4-ACA. 4d However, this drawback is readily circumvented by the construction of the first stereogenic center by 1,4-ACA, 4d subsequent chain elongation, and 1,6-ACA taking advantage of the inherent preference 13 Table 1 ; 1,6-ACA: see Table 2 ; isomerization: see Optical rotations were measured in CH 2 Cl 2 or CHCl 3 on a Schmidt + Haensch polarimeter (Polartronic MH8) with a 10 cm cell (c given in g/100 mL). 1 H NMR spectra were recorded at 400 MHz with CDCl 3 as a solvent (Varian AMX400 spectrometer). 13 C NMR spectra were obtained at 100.59 MHz in CDCl 3 . The nature of the carbon was determined from APT 13 C NMR experiments. Chemical shifts were determined relative to the residual solvent peaks (CHCl 3 , d = 7.26 for hydrogen atoms, d = 77.16 for carbon atoms). The following abbreviations were used to indicate signal multiplicity: s, singlet; d, doublet; t, triplet; q, quartet; br, broad; m, multiplet. High resolution mass spectra were determined on a AEI-MS-902 mass spectrometer by EI (70 eV) measurements or on a FTMS Orbitrap FischerScientific mass spectrometer by ESI measurements in positive mode. Fragmentation patterns were determined by GC-MS (GC, HP6890; MS, HP5973) with an HP5 column (Agilent Technologies, Palo Alto, CA). All reactions under N 2 atmosphere were conducted using standard Schlenk techniques. CH 2 Cl 2 was distilled from CaH 2 under N 2 prior to use. THF was distilled from Na using benzophenone as an indicator under N 2 prior to use. tBuOMe was distilled from CaH 2 under N 2 prior to use. CuBrÁSMe 2 was purchased from Sigma-Aldrich. (+)-(S,R)-Reversed Josiphos, (À)-(R,S)-reversed Josiphos, (+)-(S,R)-Josiphos and (À)-(R,S)-Josiphos were purchased from Sigma-Aldrich. For Josiphos the prepared CuBr complexes were used. 4c MeMgBr was purchased from Sigma-Aldrich and was titrated using sBuOH and catalytic amounts of 1,10-phenanthroline before use.
Diethyl phosphonoacetaldehyde diethyl acetal, crotonic acid, N-bromosuccinimide, EtSH, DCC, triethyl phosphite, sorbic acid, isovaleraldehyde, DBU, and DIBAL-H were purchased from Sigma-Aldrich. Azobis(isobutyronitrile) was purchased from Janssen Chimica. DMAP, (E)-2-heptenal, and hydrocinnamylaldehyde were purchased from ACROS. EDC-HCl salt was purchased from Fluka.
S-Ethyl 2-(triphenylphosphoranylidene)ethanethioate was prepared as described in Ref. 9 09 mmol, 1.3 equiv) was dissolved in anhydrous CH 2 Cl 2 (30 mL). The aldehyde S2 (0.57 g, 3.15 mmol, 1.0 equiv) was added, the reaction mixture was heated to reflux and stirred for 48 h, allowed to cool to room temperature, and stirred for 4 days at room temperature. The reaction mixture was then concentrated and the remaining solid was extracted with n-pentane (3 Â 10 mL). The combined organic extracts were concentrated to a yellow oil. Flash column chromatography (gradient EtOAc/pentane 50:50 to EtOAc) yielded 11 as a colorless oil (yield $60%) with a minor impurity of triphenylphosphine oxide. (E)-S-Ethyl 4-(diethoxyphosphoryl)but-2-enethioate 11: [$60% yield, colorless oil mixed with some white solid]. For spectroscopic data vide infra. 4.1.2. Route 2 (Scheme 6) 4.1.2.1. Bromination of crotonic acid 15 . In a round-bottomed flask equipped with stirring bar, crotonic acid (20 g, 0.23 mol, 1.0 equiv) and N-bromosuccinimide (46 g, 0.25 mol, 1.1 equiv) were dissolved in benzene (200 mL). After the solution was heated at reflux, azobis(isobutyronitile) (1.14 g, 6.97 mmol, 3 mol %) was added and refluxing was continued for 2 h. Then the reaction solution was cooled to 0°C and filtered over Celite. The residue was washed with toluene (50 mL). The filtrate was concentrated and recrystallized from toluene to yield S4 as a white solid in several batches. 16 . In a roundbottomed flask equipped with stirring bar under a N 2 atmosphere, 4-bromocrotonic acid S4 (3.47 g, 21.02 mmol, 1.0 equiv), EtSH (1.55 mL, 21.02 mmol, 1.0 equiv), and DMAP (0.26 g, 2.10 mmol, 0.1 equiv) were dissolved in CH 2 Cl 2 (120 mL), the solution was cooled to 0°C and DCC (4.76 g, 23.12 mmol, 1.1 equiv) was added. After addition the reaction mixture was stirred for 16 h at room temperature. The reaction mixture was then filtered over Celite 18 . In a round-bottomed flask equipped with stirring bar under N 2 atmosphere, sorbic acid (1.12 g, 10.0 mmol, 1.0 equiv) was dissolved in anhydrous CH 2 Cl 2 (30 mL). Subsequently, DMAP (0.12 g, 1.0 mmol, 0.1 equiv) and EtSH (0.97 mL, 13.0 mmol, 1.3 equiv) were added and the reaction mixture was cooled to 0°C using an ice bath. Then, DCC (2.17 g, 10.5 mmol, 1.05 equiv) dissolved in anhydrous CH 2 Cl 2 (15 mL) was added slowly. After addition, the ice bath was removed and the reaction mixture was stirred for 16 h at room temperature. The reaction mixture was then filtered over Celite and the residue was washed with CH 2 Cl 2 (50 mL). The combined organic extracts were then washed with saturated aqueous NaHCO 3 -solution (50 mL), H 2 O (50 mL) and a saturated brine solution (50 mL), dried, and concentrated. 
Thioesterification of 4-bromocrotonic acid

General procedure for the reduction of a thioester to an aldehyde
In a dried Schlenk tube equipped with a septum and a stirring bar under a N 2 atmosphere (S)-S-ethyl 6-(benzyloxy)-3-methylh-exanethioate (0.51 g, 2.21 mmol, 1.0 equiv) was dissolved in anhydrous CH 2 Cl 2 (5 mL). After 5 min stirring at room temperature, the mixture was cooled to À75°C and DIBAL-H (1.0 M solution in CH 2 Cl 2 , 2.66 mL, 2.66 mmol, 1.2 equiv) was added. The solution turned pink/orange. The reaction mixture was stirred for 5 h at À75°C. Subsequently the reaction mixture was poured into a round-bottomed flask with aq Rochelle's salt-solution (saturated, 10 mL), stirred for 1 h at rt, and the layers were separated. After extraction with CH 2 Cl 2 (2 Â 5 mL), the combined organic extracts were washed with the aq Rochelle's salt solution (2 Â 5 mL), dried, and carefully concentrated. The aldehyde was used without further purification in the subsequent HWE reaction.
Chain extension
Compounds 7f and 19 were obtained via the general procedure for the Horner-Wadsworth-Emmons reaction of the corresponding aldehyde and HWE reagent 11. 5.25 mol %) were dissolved in anhydrous CH 2 Cl 2 (2 mL). After 5 min stirring at room temperature, the mixture was cooled to À70°C and MeMgBr (Aldrich, 3.0 M solution in Et 2 O, 0.33 mL, 1.0 mmol, 2.0 equiv) was added. After stirring for an additional 10 min, a solution of 7b (70.1 mg, 0.5 mmol, 1.0 equiv) in anhydrous CH 2 Cl 2 (additional 0.5 mL) was added with syringe pump over 2 h. The reaction mixture was stirred overnight (16 h including addition) at À70°C and subsequently EtOH (0.1 mL) and an aq NH 4 Cl-solution (1 M, 0.5 mL) were added. The mixture was warmed to room temperature and an additional 5 mL of the NH 4 Cl-solution and 5 mL of CH 2 Cl 2 were added and the layers were separated. After extraction with CH 2 Cl 2 (2 Â 5 mL), the combined organic extracts were dried and carefully concentrated to a yellow oil. Flash column chromatography (Et 2 O/pentane 1:99) yielded 13b as a colorless --oil.
(S,E)-S-Ethyl 5-methylnon-3-enethioate 13b
Compound 13b [83% yield, 89% ee, 99:1 regioselectivity 
(S,E)-S-Ethyl 5-methyl-7-phenylhept-3-enethioate 13d
Compound In a dried Schlenk tube equipped with a septum and a stirring bar under a N 2 atmosphere, the preprepared 4d Josiphos-complex (5.54 mg, 7.5 lmol, 1.0 mol %) was dissolved in anhydrous tBuOMe (3.05 mL). After 5 min stirring at room temperature the mixture was cooled to À78°C and MeMgBr (Aldrich, 3.0 M solution in Et 2 O, 0.38 mL, 1.1 mmol, 1.5 equiv) was added. After stirring for an additional 10 min, a solution of 15b (0.16 mg, 0.75 mmol, 1.0 equiv) in anhydrous tBuOMe (additional 0.75 mL) was added with a syringe pump over 0.5 h. The reaction mixture was stirred overnight (16 h including addition) at À78°C and subsequently EtOH (0.1 mL) and an aq NH 4 Cl-solution (1 M, 0.5 mL) were added. The mixture was warmed to room temperature and an additional 5 mL of the NH 4 Cl-solution and 5 mL of Et 2 O were added and the layers were separated. After extraction with Et 2 O (2 Â 5 mL), the combined organic extracts were dried and carefully concentrated to a yellow oil. Flash column chromatography (Et 2 O/pentane 1:99) yielded 16 as a colorless oil.
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